The structure and function of presynaptic and postsynaptic components of the synapse are highly coordinated. How such coordination is achieved and the molecules involved in this process have not been clarified. Several lines of evidence suggest that presynaptic functionalities are regulated by retrograde mechanisms from the postsynaptic side. We therefore sought postsynaptic mechanisms responsible for trans-synaptic regulation of presynaptic function at excitatory synapses in rat hippocampal CA1 pyramidal neurons. We show here that the postsynaptic complex of scaffolding protein PSD-95 and neuroligin can modulate the release probability of transmitter vesicles at synapse in a retrograde way, resulting in altered presynaptic short-term plasticity. Presynaptic b-neurexin serves as a likely presynaptic mediator of this effect. Our results indicate that trans-synaptic proteinprotein interactions can link postsynaptic and presynaptic function.
The structure and function of synapses are highly heterogeneous, even among synapses formed on single neuron [1] [2] [3] . At the same time, preand postsynaptic structures and functions are well coordinated at the level of the individual synapse. For example, in excitatory synapses on hippocampal pyramidal cells, large postsynaptic dendritic spines have a larger postsynaptic density with more AMPA receptors (AMPARs) on their surface. At the same time, juxtaposing presynaptic terminals have a larger active zone and more docked vesicles [4] [5] [6] [7] . Such postsynaptic and presynaptic structural and functional coordination ensures more efficient transmission.
Presynaptic-postsynaptic coordination is probably a result of coordinated assembly of specific molecules on both sides of the synaptic cleft. What kinds of molecules are involved in that process, which side of the synapse 'instructs' the other, and what is the mechanism for that? There is evidence that the postsynaptic cell may be 'instructive' to presynaptic function. For example, in hippocampal slice preparations, analyses of connections made between a Schaffer collateral axon from a CA3 pyramidal neuron targeting CA1 pyramidal neurons or inhibitory interneurons indicate that the type of the postsynaptic target neuron can dictate the presynaptic properties 8 . Also, the amount of activity of postsynaptic neurons can change presynaptic properties. For example, in hippocampal dissociated culture, increasing the postsynaptic activity of calmodulin-dependent protein kinase II (CaMKII) by transfecting its active forms remodels presynaptic input by increasing the number of synaptic contacts between pairs of neuron but decreasing the total number of connected cells 9 . Similar retrograde action of CaMKII is also reported in drosophila 10, 11 . Those observations exemplify the ability of a postsynaptic neuron to influence functional properties of the presynaptic terminal in a retrograde way.
In this study, we sought the mechanism involved in the retrograde regulation of presynaptic release probability, which is a chief determinant of presynaptic functionality such as frequency facilitation and depression, augmentation and post-tetanic potentiation, collectively called 'short-term plasticity' 12 . Because of that feature, each individual presynaptic terminal serves as an independent functional unit that transmits a presynaptic action potential firing pattern in a different efficiency to the postsynaptic side according to the release probability.
Postsynaptic scaffolding protein PSD-95 and one of its binding partners, neuroligin (NLG), connect postsynaptic density to the presynaptic release machinery through a trans-synaptic interaction mediated by the extracellular domains of NLG and that of its presynaptic binding partner, b-neurexin (bNrxn) [13] [14] [15] [16] [17] [18] [19] [20] . Intracellularly, bNrxn binds to the PDZ (PSD-95-discs large-zona occludens-1) domain of the scaffolding protein CASK (mLin-2), which then recruits proteins of the presynaptic release machinery to initiate the assembly of a presynaptic active zone [18] [19] [20] . CASK links the NLG-bNrxn complex to synaptic vesicle trafficking by binding to the scaffolding protein Mint1 (X11), which directly interacts with Munc18, a functional regulator of neurotransmitter release. In that way, the postsynaptic PSD-95-NLG complex assembles presynaptic release machinery to the presynaptic terminal through the NLG-bNrxn interaction.
The PSD-95-NLG-bNrxn interaction provides a likely candidate mechanism for the postsynaptic regulation of presynaptic functionality. Here we demonstrate that the postsynaptic PSD-95-NLG complex modulates the release probability of presynaptic terminals in a retrograde way by increasing sensitivity to extracellular calcium (Ca 2+ ). That effect is probably mediated by presynaptic bNrxn. Postsynaptic PSD-95 is involved in the recruitment of AMPARs to the postsynaptic membrane through an interaction with postsynaptic proteins of the stargazin family 16, [21] [22] [23] . Thus, through NLG and bNrxn, PSD-95 can modulate synaptic transmission by presynaptic as well as postsynaptic actions.
RESULTS

Postsynaptic PSD-95 modulates the paired-pulse ratio
In hippocampal slice cultures, CA1 neurons overexpressing PSD-95 had a much higher amplitude of AMPAR-mediated excitatory postsynaptic current (AMPAR-EPSC) than did neighboring untransfected cells (Fig. 1a-e) . That finding has been explained mainly by postsynaptic insertion of additional AMPARs in published electrophysiological and cell biological studies 16, [21] [22] [23] . We wondered if such PSD-95 mediated potentiation is due in part to an increased probability of presynaptic glutamate release. Consistent with the presynaptic change, it has been reported that the miniature EPSC frequency increases in U n t r a n s T r a n s U n t r a n s T r a n s
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NMDAR-EPSC U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s cells overexpressing 21) , but such an increase may also reflect postsynaptic effects, such as an increase in the total number of synapses or the 'unsilencing' of silent synapses. We therefore measured the paired-pulse ratio (PPR) of the AMPAR-EPSC, a form of presynaptic short-term plasticity inversely correlated with release probability in general (Fig. 1d,e) 2, 12 . The PSD-95 transfected cells had significantly less PPR than did untransfected neurons, suggesting that release probability is enhanced by postsynaptically expressed PSD-95.
If PSD-95 changes the properties of AMPAR, such as desensitization, we might find an apparent change in the PPR by a postsynaptic mechanism. To rule out such a possibility, we measured the PPR of the NMDA receptor-mediated EPSC (NMDAR-EPSC) as well. Postsynaptic expression of PSD-95 weakly but significantly increased the amplitude and decreased the PPR of the NMDAR-EPSC, similar to its effects on the AMPAR-EPSC (Fig. 1c and e) . Such a parallel change of the PPR in both the AMPAR-ESPC and NMDAR-EPSC rules out the possibility of modulation of the AMPAR or NMDAR itself as a putative cause and supports the view that the change is presynaptic. The PPR of the NMDAR-EPSC was consistently smaller than that of the AMPAR-EPSC. It has been reported that whereas NMDARs exist in almost all excitatory synapses, AMPARs tend not to exist in smaller dendritic spines 24 . Such heterogeneity in the populations of synapses may explain the difference in the PPR of the two components. Another possibility is that the difference in the saturation of the two types of receptors by glutamate in the synaptic cleft can account for the difference.
We next tested the effect of the downregulation of PSD-95 using RNA interference (RNAi; Fig. 1f-j) . We confirmed the efficacy of the knockdown by the short hairpin RNA (shRNA) in Cos7 cells and cultured hippocampal dissociated neurons ( Supplementary Fig. 1 online) . In contrast to the result of overexpression, downregulation of PSD-95 led to an increase in the PPR, as well as significant reductions in the amplitude of both the AMPAR-EPSC and NMDAR-EPSC. In sum, our results indicate that the amount of postsynaptic PSD-95 in CA1 pyramidal neurons can modulate the presynaptic release probability.
In routine experiments, we included 2-chloroadenosine, an agonist of the adenosine A 1 receptor, in the extracellular solution to prevent bursting of the slice culture. To rule out the possibility that the effect of PSD-95 involves A 1 receptor signaling, we omitted 2-chloroadenosine and used the AMPAR antagonist NBQX to block the bursting activity. In those conditions, we also noted an effect of postsynaptic PSD-95 on the NMDAR-EPSC PPR (PSD-95-transfected cells, 0.79 ± 0.05; untransfected cells, 1.05 ± 0.07; n ¼ 13 cell pairs; P o 0.01), thus excluding the possibility of involvement of A 1 adenosine receptormediated signaling in the effect of PSD-95.
MK-801 confirms the modulation of release probability by PSD-95 To further confirm our finding of retrograde regulation of presynaptic release probability in an independent assay, we used MK-801, an open-channel blocker of the NMDAR 3 . In the presence of MK-801, NMDAR-mediated transmission is blocked in a stimulus-dependent way; that occurs at a faster rate at synapses with higher release probability and at a slower rate at synapses with lower release probability. The rate of block of NMDAR-EPSC was significantly faster in cells overexpressing PSD-95 than in untransfected cells, consistent with an increase in channel opening and, hence, in the release probability of the presynaptic terminal ( Fig. 2a-c did untransfected cells, indicating a reduction in release probability ( Fig. 2d-f ). We could potentially explain those effects by a change in the ratio of receptors containing NMDAR subunit NR2A to those containing NR2B, because NR2B-containing receptors have longer open times than do NR2A-containing receptors 25 . We ruled out that effect here because the difference in the NMDAR-EPSC decay time constant (t) was not significant (PSD-95-transfected cells, t ¼ 90.1 ± 3.3 ms, untransfected cells, t ¼ 85.2 ± 3.2 ms, P ¼ 0.29 (41 cell pairs); PSD-95 shRNA-expressing cells, t ¼ 120.1 ± 6.7 ms, untreated cells, t ¼ 106.6 ± 6.1 ms, P ¼ 0.15 (11 cell pairs); single-exponential fit).
Sensitivity of release machinery to extracellular Ca 2+
We next tested if that increase in release probability by postsynaptic overexpression of PSD-95 was due to an increase in the sensitivity of the release machinery to extracellular Ca 2+ . To test that, we increased the concentration of extracellular Ca 2+ from 1 mM to 10 mM and assessed the dose-response relationship of the NMDAR-EPSC amplitude ( Fig. 3a-c Fig. 3c) . At 1 mM Ca 2+ , PSD-95-transfected neurons had an NMDAR-EPSC amplitude 2.7-fold greater than that of neighboring untransfected cells. As we increased the release probability by raising the Ca 2+ concentration, the difference became smaller and dropped to about 1.2-fold at 10 mM, the highest concentration tested here (Fig. 3c) . That is most easily explained if we assume the increase in NMDAR-EPSC amplitude was mediated mainly by an increase in transmitter release from the presynaptic terminals rather than being due to postsynaptic factors. At higher extracellular Ca 2+ concentrations, the release probability becomes close to the saturation and, therefore, an increase in release probability due to postsynaptic PSD-95 was occluded. If the increase in the NMRAR-EPSC were due to a postsynaptic factor such as recruitment of the receptor, the effect should have been constant across different Ca 2+ concentrations. In contrast, for AMPAR-EPSCs, both an increase in transmitter release and in postsynaptic sensitivity due to the addition of AMPARs contribute to the increase in EPSC amplitude 16, [21] [22] [23] . That explains why the overall effect on amplitude was greater for AMPAR-EPSCs than for NMDAR-EPSCs (Fig. 1b,c) . The relatively small effect of PSD-95 on NMDAR-EPSC amplitude has not been found in other laboratories 21, 23 . That discrepancy may be in part explained by differences in basal release probability in slightly different experimental conditions among laboratories.
In hippocampal Schaffer collateral-CA1 synapses, N-type and P/Q-type subtypes of voltage-gated Ca 2+ channels are the dominant presynaptic Ca 2+ channel subtypes. It has been shown that PPR is modulated differently by selective blockade of individual Ca 2+ channel subtypes 26 . We therefore used subtype-specific blockers to test if postsynaptic PSD-95 modifies the contribution of different subtypes of presynaptic Ca 2+ channels to transmitter release. The N-type Ca 2+ blocker o-conotoxin GIVA moderately suppressed synaptic transmission (remaining NMDA-EPSC amplitude (%): transfected cells, 59.5 ± 2.9; untransfected cells, 51.5 ± 2.3; data not shown), whereas U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s (Fig. 3d,e) , indicating that the cleft glutamate concentration is higher in synapses in which PSD-95 is overexpressed postsynaptically. The most likely cause is release of more vesicles on average at synapses overexpressing PSD-95, although other mechanisms, such as an increase in the concentration of glutamate in individual synaptic vesicles or impaired reuptake of released glutamate from the cleft, cannot be ruled out.
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NLG mediates the effect of PSD-95
Given that PSD-95 is an intracellular protein, there should be a mechanism that conveys information in a retrograde way to the presynaptic side. We hypothesized that NLG might have such a function. NLG is a transmembrane protein with an extracellular domain that binds to presynaptic bNrxn and an intracellular carboxyl terminus that binds to the PDZ domain 3 of PSD-95 (refs. 13, 15, 20) . It has been reported that overexpression of NLG in postsynaptic neurons triggers the formation of functional presynaptic terminals in contacting axons by attracting presynaptic proteins 14, 17, 20 . Therefore, it is plausible that PSD-95 regulates presynaptic functionality through protein interaction mediated by NLG. By overexpressing NLG1 in neurons, we found enhancement of AMPAR-EPSC and NMDAR-EPSC amplitude and a reduction in the PPR similar to that obtained with PSD-95 (Fig. 4a-e) . 'Knockdown' of endogenous NLG1 by RNAi did not have a significant effect on EPSC amplitude and PPR compared with control untransfected neurons (Fig. 4f-j) . That lack of effect may have been due to redundancy of other NLG subtypes, such as NLG2 and NLG3. We therefore attempted to block all endogenous NLG subunits by using a dominant negative 
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U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s U n t r a n s T r a n s 0.5 construct in which the extracellular cholinesterase domain of NLG was 'swapped' with that of acetylcholinesterase itself (NLG1-SWAP), which does not interact with bNrxn 17 . We expected that NLG1-SWAP would have dominant negative effect on all subtypes of NLGs because it competes with wild-type NLG for PSD-95 through the consensus PDZ domain-binding motif (-HSTTRV) at the very carboxyl end 13, 29 . Overexpression of NLG1-SWAP significantly decreased the amplitude of both the AMPAR-EPSC and NMDAR-EPSC and consistently increased the PPR of both the AMPAR-EPSC and NMDAR-EPSC ( Fig. 4k-o) . That confirmed that endogenous postsynaptic NLG is needed to maintain presynaptic release probability. To test if the observed effect of PSD-95 was in fact mediated by NLG1, we attempted to block the effect of PSD-95 by suppressing the expression or function of NLG. We first overexpressed PSD-95 while disrupting NLG1 function with RNAi or NLG1-SWAP (Fig. 5a-j) . In both cases, the effect of PSD-95 on PPR was eliminated. The result of NLG1 RNAi in the presence of overexpressed PSD-95 seems contradictory to the effect of NLG1 RNAi by itself (Fig. 4i,j) , which did not change the PPR. That is probably because overexpressed PSD-95 requires more NLG molecules, a requirement that could not be met by the remaining amount of NLG subtypes.
In the converse experiment, we overexpressed NLG1 while simultaneously 'downregulating' PSD-95 by RNAi. 'Downregulation' of PSD-95 blocked the effect of NLG1 on PPR (Fig. 5k-o) . Those results indicate that PSD-95 and NLG1 are mutually dependent in exerting the retrograde effect on release probability, which is most simply explained by a requirement that NLG and PSD-95 form a protein complex at the postsynaptic membrane. NLG requires oligomerization and clustering to exert its activity, which may be one reason why the PSD-95-NLG1 complex seems to be necessary 18 . Unexpectedly, the enhancing effects of PSD-95 or NLG1 on the amplitude of AMPAR were abolished by downregulation of NLG or PSD-95, respectively. Although the mechanism for that is not clear, the result suggests that the formation of a complex of PSD-95 and NLG is required even for functional recruitment of postsynaptic AMPARs.
bNrxn is a possible presynaptic mediator The extracellular domain of postsynaptic NLG binds to bNrxn, which is localized presynaptically. Is presynaptic bNrxn a mediator of the effect of postsynaptic PSD-95-NLG on transmitter release? We wanted to manipulate the function of bNrxn specifically at the presynaptic side. However, the low probability of connection between given CA3 and CA1 pyramidal cells makes it impractical to find a presynaptic CA3 neuron linked synaptically to a postsynaptic CA1 neuron. We therefore turned to synaptic transmission between pairs of CA3 pyramidal neurons that are monosynaptically connected to one another through an intrinsic associational circuit at a relatively high probability 30, 31 . CA3-CA3 synapses share many properties with Schaffer collateral-CA1 synapses, such as NMDAR-dependent plasticity 30, 31 . In this system, we can 'patch on' to two nearby CA3 pyramidal cells and use one as the presynaptic cell and the other as the postsynaptic neuron.
We first confirmed that the effects of postsynaptic overexpression and downregulation of PSD-95 or NLG were similar on CA3-CA3 synaptic connections and on Schaffer collateral-CA1 synapses (Fig. 6) . EPSC amp (pA) PPR Success ratio * P < 0.05 ** P < 0.001 Figure 6 Postsynaptic PSD-95 and NLG regulates the release probability in a retrograde way in CA3-CA3 pyramidal cell synapses. Cells were transfected with PSD-95 and or were treated with PSD-95 RNAi and were analyzed as described in Figure 1 . NLG1 and NLG1-SWAP were transfected and analyzed, as described in Figure 4 . Controls are neuronal pairs expressing GFP postsynaptically. NLG1-SWAP, pGW1 empty vector and pEGFP-C1 were transfected together at a ratio of 9:9:2. Pre, presynaptic; Post, postsynaptic. (a) Averaged sample AMPAR-EPSC traces (bottom traces) induced by two presynaptically applied depolarization commands (top). Second from top, presynaptic action current. (b) Ten consecutive AMPAR-EPSC traces, superimposed. The heterogeneity in amplitude for a single pair is probably because more than one connection is often made between a pair of CA3 cells 31 . Alternatively, it may be due to a difference in the number of released vesicles. 'downregulation' of PSD-95 by RNAi and expression of NLG1-SWAP significantly increased the PPR of the AMPAR-EPSC and slightly decreased the EPSC amplitude, though the latter effect did not reach statistical significance (Fig. 6c,d) . We then took advantage of the unitary nature of the connection and analyzed the success or failure rate of synaptic transmission (Fig. 6e) . The success rate was significantly higher in cells postsynaptically overexpressing PSD-95 or NLG1 and lower in cells in which PSD-95 or NLG1 were downregulated. That result supports the idea that release probability is regulated by postsynaptic PSD-95 and NLG1.
We then transfected CA3 neurons with wild-type bNrxn or its dominant negative form lacking the carboxy-terminal sequence (bNrxnDC) and stimulated them as presynaptic cells while recording EPSCs from adjacent, untransfected neurons that were postsynaptic (Fig. 7) . Expression of these constructs in the presynaptic terminal has been confirmed before 18 . The neuronal pairs overexpressing bNrxn presynaptically had transmission amplitudes, PPR and a success rate similar to those of untransfected pairs (data not shown) or pairs expressing GFP presynaptically (Fig. 7) ; thus, presynaptic overexpression of bNrxn by itself has no effect on synaptic transmission. In contrast, the dominant negative form bNrxnDC significantly increased the PPR of expressing neurons and reduced the success rate (Fig. 7d,e) . It also reduced the EPSC amplitude (Fig. 7c) , although that reduction did not reach statistical significance. Those data suggest that presynaptic bNrxn is required for maintaining release probability and may serve as the presynaptic binding partner that mediates the effect of postsynaptic PSD-95 and NLG on release probability.
DISCUSSION
Despite many lines of evidence indicating the trans-synaptic coordination of pre-and postsynaptic structure and function, only a few molecules and mechanisms have been identified. Studies have shown that diffusible molecules, such as cannabinoid 32 , act as retrograde regulators of presynaptic functionality. In addition, trans-synaptic signaling mediated by postsynaptic integrin, Eph-ephrin, N-cadherin and the scaffolding protein SAP97 has also been shown to regulate presynaptic release machinery in a retrograde way [33] [34] [35] [36] . In this study, we have identified a series of trans-synaptic protein-protein interactions mediated by postsynaptic PSD-95-NLG and presynaptic bNrxn, which control presynaptic release probability in a retrograde way.
PSD-95-and NLG-mediated trans-synaptic signaling cascade
It has been demonstrated that overexpression of postsynaptic PSD-95 and its binding partner NLG causes an accumulation of presynaptic proteins such as synaptophysin and bassoon in contacting axons, as measured by immunostaining of dissociated hippocampal neurons 14, 16, 17, 36 (M.J.K. and M.S., unpublished data). Conversely, tripleknockout mice lacking NLG1, NLG2 and NLG3 have lower expression of presynaptic proteins such as synaptobrevin-2, synaptophysin-1, VGluT1 and synaptotagmin-1, along with much lower synaptic transmission 37 . In that way, the postsynaptic PSD-95-NLG complex recruits presynaptic proteins to the axon terminals. Those findings are consistent with our functional data showing that the postsynaptic PSD-95 increases the number of vesicles released per action potential, which is probably the basis of the observed change in PPR.
However, overexpression of PSD-95 and NLG1 not only causes an accumulation of postsynaptic proteins but also promotes the formation of new synapses in dissociated cultures 14, 16 . Such synapses may have higher probability of release, resulting in a net decrease in the PPR without affecting existing synapses. Therefore, it is important to know whether the observed effect of PSD-95 and NLG involves the generation of new synapses. It has been reported that in slice cultures, the number of dendritic spines is not increased by PSD-95 overexpression 21 . Also, we found only a modest increase in the amplitude of NMDAR-EPSC by overexpression of PSD-95 (Fig. 1a,c) . That was mostly abrogated by increasing the release probability by raising the extracellular Ca 2+ (Fig. 3a-c) , indicating that the locus of the effect was mainly presynaptic. From those lines of evidence, we consider that the observed effect of PSD-95 and NLG in our preparation was not secondary to the generation new synapses. Furthermore, the effect of downregulation of endogenous PSD-95 and NLG by RNAi or a dominant negative construct was opposite to the effect of overexpression (Figs. 1,2,4,6) . Consistent with that, knockout mice with partially deleted PSD-95 have an increased PPR 38 . Thus, endogenous PSD-95 and NLG are necessary for maintaining presynaptic release probability.
Possible function of bNrxn as a binding partner of PSD-95-NLG bNrxn is an established presynaptic binding partner for postsynaptic NLG. Indeed, overexpression of bNrxn induces more presynaptic structure in dissociated cultures [18] [19] [20] . In our system, downregulation of bNrxn decreased the probability of release (Fig. 7) . Intracellularly, bNrxn binds to the PDZ domain of CASK. CASK then links bNrxn to synaptic vesicle trafficking by binding with Mint1 (X11), which directly interacts with Munc18, a functional regulator of neurotransmitter release 20 . That interaction may organize the presynaptic release machinery by coordinating with postsynaptic PSD-95-NLG. Overexpression of bNrxn did not increase the release probability or EPSC amplitude, unlike postsynaptic overexpression of PSD-95 or NLG. We can think of two possible, not mutually exclusive, explanations for that. One explanation is that postsynaptic PSD-95-NLG is limited in quantity, whereas presynaptic bNrxn exists in redundancy and such excess bNrxn is nonfunctional. Therefore, an increase in presynaptic bNrxn does not have effect, unlike postsynaptic overexpression of PSD-95 or NLG1. The second explanation is as follows. When PSD-95 or NLG1 are overexpressed postsynaptically, their effect is limited to presynaptic termini directly opposite the neuron, which is a small fraction compared with the total number of synapses formed on an axon. In that case, bNrxn at those synapses can efficiently exerts its effect by recruiting its intracellular binding partner (such as CASK) and eventually the vesicle-release machineries. In contrast, when bNrxn is overexpressed presynaptically, it overwhelms in all presynaptic termini in the transfected neuron. That may cause competition among synapses for the binding partners involved in vesicle release machinery, resulting in a lack of effect of overexpressed bNrxn in any synapse.
An experiment using a low-affinity antagonist to AMPAR indicated an increase in the concentration of glutamate in clefts of neurons overexpressing PSD-95 (Fig. 3d,e) . Although several scenarios are still possible to explain that observation, in combination with other evidence provided here (such as the PPR; Fig. 1e) , the relationship of Ca 2+ concentration and EPSC amplitude (Fig. 3a-c ) and the analysis of the successful or failure of transmission (Fig. 6e) , the most plausible explanation is an increased release of synaptic vesicles by action potential. At present, we do not know whether the effect of the PSD-95-NLG-bNrxn complex on the release machinery is quantitative or qualitative; the bNrxn-mediated protein interaction may accumulate many synaptic vesicles in the readily releasable pool by increasing the number of release sites. Alternatively, bNrxn may increase the release probability of individual vesicles.
In addition to bNrxn, hippocampal neurons express the larger aNrxn isoform from an alternative transcription start site. It has been shown that aNrxn regulates voltage-gated Ca 2+ channels and is therefore involved in the regulation of transmitter release 20, 39, 40 . The involvement of aNrxn in retrograde control of release machinery is an intriguing issue. However, the NLG1 we used in this study does not bind to aNrxn 41 but still fully exerts its effects. Therefore, the effects of NLG1 noted in our assays do not require direct interaction with presynaptic aNrxn.
Functional importance of trans-synaptic signaling PSD-95-mediated pre-and postsynaptic modulation may be involved in the coordination of pre-and postsynaptic functions during development and plasticity. During the development of hippocampus, as the expression PSD-95 and NLG increases, the PPR of Schaffer collateral fiber-CA1 decreases [42] [43] [44] . However, it has been shown that PSD-95 increases postsynaptic responsiveness by recruiting AMPARs 16, [21] [22] [23] . PSD-95 is acutely translocated to the synaptic contact by neuronal activity in visual cortex 45 , where it may be involved in the coordinated development of both sides of synapse.
In addition, retrograde modulation of the release probability is important in determining neural network properties. For example, a Schaffer collateral fiber demonstrates different features of short-term plasticity depending on its postsynaptic targets 8 . That is explained in part by the lower release probability at synapses on pyramidal neurons than at those on interneurons. That type of target cell specificity of presynaptic functionality is found in other regions of hippocampus and cortex as well 46, 47 . Along with our findings, it may suggest that the amount of postysynaptic PSD-95-NLG determines presynaptic functionality.
In addition to presynaptic short-term plasticity, a retrograde mechanism may mediate presynaptic structural plasticity. Rapid and persistent expansion of postsynaptic dendritic spines by stimulation inducing long-term potentiation has been shown 48, 49 . In brain tissue, there is good correlation between the size of the presynaptic and postsynaptic structures. That indicates that postsynaptic expansion of the dendritic spine must be accompanied by a presynaptic structural change at some point. A study using electron microscopy has found transient disparity between pre-and postsynaptic dimensions immediately after the induction of long-term potentiation, which is gradually diminished with enlargement of the presynaptic side over a time course of hours 50 , indicating a mechanism that coordinates postsynaptic and presynaptic morphology. Synaptic recruitment of PSD-95 after the onset of the activity 45 and trans-synaptic signaling via NLG-bNrxn could contribute to such a matching process. 14 . We subcloned hemagglutinin-tagged NLG1 containing splice insertions A and B 17 under control of the CAG promoter. For the PSD-95 shRNA construct, we annealed the following oligonucleotides and inserted them between the HindIII and BglII sites of the pSUPER vector: 5¢-GATCCCCGAGGCAGGTTCCATCGTTCTTCAAGAGAGAACGATGGAACCT GCCTCTTTTT-3¢; and 5¢-AGCTAAAAAGAGGCAGGTTCCATCGTTCTCTCT TGAAGAACGATGGAACCTGCCTCGGG-3¢.
METHODS
Simultaneous recording from two neighboring hippocampal CA1 pyramidal cells. Guidelines of the Massachusetts Institute of Technology were followed for all experiments involving animals. We made electrophysiological recordings from organotypic hippocampal slice cultures (days 7-11 in vitro) as described 22 . We transfected neurons on days 3-6 in vitro using a biolistic gene gun (BioRad). We used 100 mg DNA and 12.5 mg gold particles (1.6 mm in diameter) to make about 50 bullets. The extracellular solution was as follows (in mM): 119 NaCl, 2.5 KCl, 4 CaCl 2 , 4 MgCl 2 , 26 NaHCO 3 , 1 NaH 2 PO 4 , 11 glucose, 0.15 picrotoxin (Sigma) and 0.01 2-chloroadenosine (ICN), gassed with 5% CO 2 and 95% O 2 , pH 7.4, unless otherwise noted. The NMDAR-EPSC was measured in the presence of NBQX (0.01 mM; Tocris). When we used o-agatoxin TK (200 nM; Peptide Institute) or o-conotoxin GVIA (2 mM; Peptide Institute), we dissolved them in extracellular solution containing cytochrome C (0.1 mg/ml; Sigma) immediately before application. We used MK-801 (40 mM; Tocris) to estimate release probability in Figure 2 . We made whole-cell recordings simultaneously from a pair of CA1 pyramidal neurons, one transfected (visualized by cotransfection of GFP) and one untransfected neighbor. We filled the patch recording pipettes (2-5 MO) with internal solution containing the following (in mM): 115 cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl 2 , 4 ATP disodium salt, 0.4 guanosine triphosphate trisodium salt, 10 sodium phosphocreatine and 0.6 EGTA, at pH 7.25, with CsOH unless otherwise specified. For NMDAR-EPSC recordings at different extracellular calcium concentrations (Fig. 3) , we substituted EGTA with the Ca 2+ chelator BAPTA (10 mM) to suppress Ca 2+ -dependent inactivation of NMDAR. We evoked 40-50 consecutive synaptic responses at 0.2 Hz with a stimulating electrode placed in the stratum radiatum while holding the neuron at V hold ¼ -60 mV for AMPAR-EPSC and at +40 mV for NMDAR-EPSC. We measured the PPR of synaptic responses by delivering two afferent stimulations (50-ms interstimulus interval). As the transmission of the AMPAR-EPSC became much larger with transfection of PSD-95 and NLG1, to rule out the possibility of a systematic voltage-clamping error, we reduced the stimulation intensity in some cell pairs so that the transfected cells would have response amplitudes comparable to those of the untransfected cells. In those conditions, we still found a consistent reduction in PPR in transfected cells, thus ruling out the possibility of a voltage-clamping error. We discarded cell pairs with a difference in series resistance of more than 20%. We did experiments 'blinded' to the DNA constructs used. As we made recordings from neurons expressing wild-type PSD-95 in an overlapping period, we shared the data in Figure 1a -c with other projects 22 (M.J.K. et al., unpublished data). We evaluated statistical significance with the Kruskal-Wallis analysis of variance for multiple comparisons, the Mann-Whitney test for EPSC amplitude comparison and Student's t-test for PPR and time constant comparison. We set statistical significance at P values of less than 0.05. We fitted the Ca 2+ concentration response curve (Fig. 3b) to the sigmoidal curve expressed by the formula y ¼ y 0 + a / [1 + e -(x -x0) / b ], where b is the Hill coefficient and x 0 is the EC 50 of Ca 2+ .
Comparison of glutamate concentration at the synaptic cleft with c-DGG. We omitted 2-chloroadenosine, which we routinely used elsewhere to prevent bursting in slice preparations, from the external solution to increase the overall release probability. To prevent bursting in this condition, we also omitted picrotoxin. We isolated the EPSC from the GABA A receptor-mediated inhibitory postsynaptic current by using 5 mM CsCl and 130 mM cesium methanesulfonate, which brings the reversal potential of chloride to -65 mV. We confirmed the lack of GABA A receptor-mediated inhibitory postsynaptic current in each experiment by the lack of evoked current after blockade of AMPAR-EPSC with NBQX.
Pre-and postsynaptic double recording from hippocampal CA3 pyramidal cells. We made paired recordings of pre-and postsynaptic CA3 pyramidal cells in adjacent transfected and untransfected cells, similar to the method describe above for recording from CA1 pyramidal cells, with the following modifications: the extracellular solution contained 1 mM 2-chloroadenosine; and the internal solution contained 130 mM potassium gluconate and 20 mM KCl instead of cesium methanesulfonate and CsCl. We evoked synaptic transmission by a 60-mV depolarization pulse from -60 mV or -70 mV with a 2-ms to 4-ms duration to one of the neurons in voltage-clamp mode delivered at 0.1 Hz while recording postsynaptic EPSCs from the other neuron at -60 mV. We tested synaptic connectivity by applying 50 consecutive paired stimulations (at a 50-ms interval); responses larger than 5 pA occurring within 5 ms of the onset of either of the pulses were considered evoked unitary EPSCs. If we noted any evoked response during that period, we considered the pair synaptically connected. We visually judged the success or failure of the synaptic transmission from 100-150 consecutive evoked EPSC traces. The success rate was calculated by the number of successful transmissions divided by the total number of stimulations. 
